Parkinson disease is characterized by the loss of dopaminergic cells in the substantia nigra pars compacta.
between targeting accuracy and clinical outcome remains unclear. 2, 19, 28 In this study we measured the accuracy of electrode targeting in three dimensions, based on postoperative MR imaging. We used an estimate of electrode placement accuracy derived from the imaging data to determine the relationship between the accuracy of electrode placement and the clinical outcome of STN stimulation.
CLINICAL MATERIAL AND METHODS

Patient Selection
Between January 2000 and April 2001, 26 consecutive patients (17 men and nine women) with advanced PD underwent bilateral STN DBS electrode placement at our institution. Twenty-five patients underwent bilateral simultaneous implantation, and one had a staged procedure. Patients were selected based on their history of longstanding levodopa-responsive PD syndrome with motor fluctuations consisting of periods of severe immobility ("offs"), periods with good motor function ("good ons"), and levodopa-induced dyskinesias that occurred despite optimal medication adjustment, as detailed in reports published elsewhere. 3, 6, 8, 24 Neuropsychological testing ruled out significant cognitive impairment. All patients underwent extensive preoperative evaluation, including detailed neurological examinations and volumetric MR images of the brain. The mean age of the patients at the time of surgery was 59.3 years (range 31-79 years), and the mean approximate duration of PD was 14 years (range 4-25 years). Of our 26 patients, six had undergone a previous operation for PD (four pallidotomies and three fetal tissue transplants; one patient had undergone both operations).
Stereotactic Planning
A functional CRW stereotactic frame (Radionics, Inc., Burlington, MA) was used for all 26 patients. Efforts were made to align the stereotactic ring with the orbitomeatal plane. A volumetric T 1 -weighted MR image was obtained in the axial plane, which included the region of the AC-PC plane, with 1.5-or 2-mm slice thickness. For the first nine patients, StereoPlan software (Radionics, Inc.) was used for surgical planning. The initial target was calculated relative to the intercommissural midpoint (4 mm posterior, 4 mm inferior, and 12 mm lateral), adjusting for tilt in all three planes. For the subsequent 17 patients, Stealth FrameLink 2.0 software (Medtronic, Inc., Minneapolis, MN) was used. The FrameLink 2.0 program reformatted the MR image to the AC-PC plane to yield the calculated coordinates for the STN.
Neurophysiological Localization
High-impedance (range 200-700 kOhm) 24-mm-long tungsten microelectrodes with a tip size of 20 to 25 m (FHC, Inc., Bowdoinham, ME) were advanced to the end of the guide tube, which was located 30 mm above the calculated anatomical target. Impedance at 1000 Hz was measured at 3 and 20 mm after the microelectrode exited the cannula. Subsequently, the recording microelectrode was advanced to the target by an electronic stepper microdrive. The electrical signals from single neuronal units and background activity were then filtered at 100 to 3000 Hz, preamplified, amplified 10,000 to 50,000 times, digitized, sent to an oscilloscope and audio system for real-time monitoring and then to a digital recording device for offline analysis. The MER coordinate positions, Fourier transforms of discharge frequencies, and the action potential morphologies of single units, fiber activity, and background changes were quantified and recorded. Typically, bursting cells of the anterior thalamus were first encountered, followed by electrically quieter regions corresponding to the fields of Forel and zona incerta. Proceeding ventrally, an area of increased background noise and irregularly firing neurons (often responsive to movement) were detected; these corresponded to the STN. Farther ventrally, below the STN, a region of more rapidly and regularly firing neurons corresponding to the SNR was detected. The mean STN height along the first microelectrode track was 4.9 Ϯ 0.8 mm (range 2.5-6.4 mm).
The height and depth of the STN and the depth of the SNR were compared with those expected for a track through the target point on the stereotactic atlas along the known angle of the trajectory. 20 If these data indicated that the trajectory was as expected in the central region of the STN (this included a minimum 4-mm length of STN), then these results would be used for DBS electrode placement. The first MER track satisfied these criteria on the first side in 13 of 26 implants. In these patients, the DBS electrode was placed 1 mm anterior to the calculated target path. In the remaining 13 first-side implants, one or more parallel MER tracks were made until the appropriate criteria for the central region of the STN had been adequately identified. On the second side, 24 of 26 implants were done with a single MER track. Typically, this track was a mirror image to that used for the DBS electrode on the first side. The final placement for 40 electrodes (77%) was adjusted either in the x (lateral/medial) or y (anterior/posterior) plane relative to the initial stereotactic target (Table 1) . These x and y adjustments were made with the FHC microdrive to create a trajectory parallel to the initial one. The electrode was placed to a final depth (z plane) such that the bottom of the deepest contact was just above the top of the SNR. The final depth beyond the calculated stereotactic target varied from 1 to 4 mm, with a mean depth of 2.5 Ϯ 0.62 mm (mean Ϯ SD). The x and y adjustments and the depth for each DBS electrode were used to calculate the intended tip location.
After MER, the guide sleeve was removed, the stereotactic apparatus was set for the desired trajectory, a longer S. McClelland III, et al. Individuals with significant bradykinesia and rigidity at the time of macrostimulation testing had an observable improvement when assessed using these stimulation parameters. Electrode placement was never altered based on macrostimulation findings.
Stimulator Settings for STN
Typically, pulse generators were implanted 1 to 2 weeks after the DBS electrodes were placed, with initial programming occurring 1 week later. Subsequent extended programming sessions were typically conducted at the 1-and 3-month follow-up visits, with the patient in an "off" (unmedicated) state. The final settings were those that produced the greatest improvement in tremor (if present), bradykinesia, and rigidity, without adverse or intolerable side effects. Stimulator setting data were obtained from chart review. Medications were regularly adjusted to optimize control of PD symptoms.
Merging of Pre-and Postoperative MR Images
The postoperative and immediate preoperative MR images for each of the 26 patients were transferred to DAT tapes and then to the Stealth workstation (Medtronic, Inc.). The Stealth FrameLink 4.0 program was used to manually merge the frame-based (preoperative) and postoperative volumetric MR images (eight to 10 anatomical landmarks were used). The accuracy of the merge was confirmed using the Split format; this format allows the user to examine carefully two overlapping images by sweeping across the screen to convert from one to the other.
The mean point-to-point matching error was less than 1 mm, with an excellent overlap in all three planes of view when using the Split format. The mean error of merging for all 26 patients was 0.39 mm (range 0.12-0.83 mm). After the merge, we set the Blend setting to 0% on the merged image, which displayed only the preoperative image with its fiducial markers (not the DBS artifact seen on the postoperative views). We then obtained the coordinates for the CRW fiducial frame, and found that the mean fiducial error for all 26 patients was 0.73 mm (range 0.22-0.97 mm).
Manual Calculation of STN Target Compared With FrameLink Guidance
The MR image was then reformatted to the AC-PC plane by identifying these two commissures and three midline landmarks (to correct for tilt). The AC-PC distance was recorded for each patient, then we shifted the Blend setting from 0 to 100%, to visualize the postoperative MR images only. All planes of view were used to determine the center at the tip of the electrode MR image artifact. In addition to the stereotactic frame coordinates of the point itself, its coordinates relative to the intercommissural midpoint were recorded (termed AC-PC coordinates). Therefore, there were four sets of coordinates for each patient, which consisted of the DBS electrode tip stereotactic frame coordinates and the AC-PC coordinates for left and right. We then obtained the STN target coordinates (stereotactic frame and AC-PC coordinates) for the left and right side of each patient; these were calculated using FrameLink 4.0. This procedure for determining the DBS electrode tip coordinates was performed by three separate observers (S.M., P.B.S., and R.R.G.) to test the interobserver reliability of the definition of AC-PC distance, the manual coordinates, and the computer coordinates (which relied in part on each observer's definition of the AC-PC distance).
Calculation of STN Coordinates for Intended DBS Target
We used the CRW arc and ring angles relative to the AC-PC plane, the x and y axis shifts from the CRW target, and the depth of the electrode placement to calculate the intended DBS electrode tip target for each patient, which we defined as the ventral-most portion of the electrode artifact visible on MR images. The arc angles for the 26 patients ranged from 9 to 22˚, with a mean of 16.8˚. The forward ring angle relative to the AC-PC was 30˚ for each electrode.
We then used the FrameLink 4.0 workstation with the operating room adjustments (that is, the x-and y-axis shifts and the depth of placement) to determine the intended target for the electrode tip in relation to the midpoint of the patient's AC-PC line. We adjusted the initial y coordinate (which is 4 mm posterior to the midcommissural point) by a factor of cosine 30˚, which equals 0.866 (we rounded to 0.9). For example, if a patient had an operating room adjustment of 1.5 mm anterior in the y axis, this value was adjusted by 1.5/0.9 = 1.7. If the operating room adjustment was anterior, then the value was added to the initial y coordinate, and if it was negative it was subtracted from that coordinate. Therefore, in this example, if the operating room adjustment was anterior, the FrameLink 4.0 adjustment in the y axis for the AC-PC coordinate would be Ϫ4.0 ϩ 1.7 = Ϫ2.3. If the operating room adjustment was posterior, then the FrameLink 4.0 adjustment would be Ϫ4.0 Ϫ 1.7 = Ϫ5.7. After these adjustments, we were then able to determine the corresponding AC-PC coordinates for the desired STN, which was determined in the operating room for each patient. A similar adjustment was made for the x axis by using the arch angle relative to the AC-PC plane.
Difference Between Intended and MR Imaging-Confirmed DBS Electrode Tip Target
To determine the difference between the intended and the measured DBS electrode tip target, we compared the AC-PC tip coordinates of each by subtracting the intended AC-PC coordinates from the MR imaging-confirmed AC-PC coordinates in each plane (x, y, and z) for all 26 patients. We then calculated the distance between the tip coordinates in 3D space for each patient by taking the square root of (x 2 ϩ y 2 ϩ z 2 ). For example, one patient's right electrode was Ϫ0.4 mm in the x, Ϫ2.2 mm in the y, and ϩ1.8 mm in the z plane from the intended target. Therefore, her Right 3D coordinate was the square root of Stimulation of the STN: electrode location and clinical outcome termine the interobserver reliability) and repeated by one observer (R.R.G.) in a subset of patients (to determine intraobserver reliability).
Measures of Clinical Outcome
Postoperative evaluation consisted of a neurological examination in which the Core Assessment Program for Intracerebral Transplantations 14 protocol, postoperative MR imaging, and assessment of PD symptoms and medications 9 were used. Clinical outcome at more than 5 months postoperatively was measured using a novel self-assessment questionnaire (Appendix) administered either through the mail and/or by telephone interview. Symptoms assessed included falling, freezing, tremor, the presence of significant dyskinesias, and sensory complaints. Activities assessed as a subset of the UPDRS 7 included speech, salivation, swallowing, handwriting, cutting food, dressing, bathing, turning in bed, walking, and overall activities of daily living. 21 Information sought included the laterality of symptoms, duration and quality of "on" periods, and the presence, severity, and duration of "off" periods and dyskinesias. Patients were asked to compare these responses to their preoperative condition. At 1 year postoperatively, 21 of the 26 patients underwent a videotaped examination to allow a "blinded" review of clinical signs (UPDRS III [motor subscale]). This blinded evaluation of the change in UPDRS motor score between pre-and postoperative assessments was performed as part of an independent study of our patients who received STN implants (which happened to include 21 of the 26 patients involved in this study), and has been reported separately. 8 Further clinical results were obtained using a standard questionnaire (supplemented by telephone interview) and through routine clinical follow-up visits and chart review.
Statistical Analysis
Statistical analysis was performed using Statistical Product and Service Solutions version 10.0 software (SPSS, Inc., Chicago, IL). Each series of comparisons between outcome measures was conducted using paired two-sample t-tests for approximately normally distributed data, and nonparametric Wilcoxon signed-rank tests for discrete outcomes. Nonparametric measures of correlation were performed using the Kendall tau and Spearman rho tests. To identify outcome predictors, regression analyses were performed.
RESULTS
Electrode Tip Locations
Difference Between Actual Location and Intended Target. The mean difference between electrode tip location and intended target for all 26 patients was less than 2 mm in all axes regardless of laterality, with a relatively small range of tip locations ( Table 2 ). The mean absolute deviation of electrode tip location from target was 1.4 mm in the x axis, 1.2 mm in the y axis and 1.9 mm in the z axis. In the x axis, 41 of the 52 electrodes (21 right, 20 left) were located no farther than 2 mm from the intended target, 43 of 52 (22 right, 21 left) in the y axis, and 30 of 52 (15 right, 15 left) in the z axis. Only one electrode (left side) was located farther than 3 mm from the intended target in the x axis, as were four of 52 electrodes in the y axis (two right, two left) and 12 of 52 in the z axis (four right, eight left). From a 3D vantage point, only one of the 26 electrodes on the right side was placed more than two SDs from the mean of 2.9 mm, whereas none of the 26 electrodes on the left side was placed more than two SDs from the mean of 3.2 mm. A graphic depiction of the DBS electrode tip locations on the right side ( Fig. 1) demonstrates the clustering near the intended target, with only three of the 26 electrode tips identified outside the rectangular volume encompassing two SDs from the mean of intended target. This was also true for the DBS electrodes on the left side (not shown).
Measurement of Inter-and Intraobserver Correlation and
Reliability. The interobserver reliability of the electrode tip coordinates among the three observers was assessed. Reliability was high in the x and y axes (Ն 0.85), slightly lower in the z axis (Ն 0.7), and statistically significant for the Right x, Left x, Left y, Right 3D, and Left 3D coordinates. In the Right y, Right z, and Left z axes, however, interobserver reliability was significantly different (p Ͻ 0.05). In each of these cases, two of the three observers agreed, with the third observer's discrepancy in measurement (Right y = 0.3 mm; Right and Left z = 1.1 mm) resulting in the statistically significant difference. The degree of correlation between the three observers was extremely high for every coordinate, because the interclass correlation coefficient was never less than 0.9, regardless of laterality.
Intraobserver reliability (in all axes and 3D distances) was calculated using the coordinates of one observer (R.R.G.). No intraclass correlation coefficient was less than 0.8, with the exception of the Right z axis (0.35).
Comparison of Accuracy Between First and Second Sides
Implanted. Of our 26 patients who underwent bilateral implantation, in 19 the right electrode was implanted first, and in the other seven it was implanted second. We compared the electrode locations between these two groups of patients to determine the existence of a significant discrepancy in electrode position between them. Statistical analysis revealed no significant difference between the two groups in any axis.
We also compared the electrode placement between the first and second sides implanted for all 26 patients (taking into account the differences in lateral-medial axis measurement between sides). Statistical analysis revealed no significant difference between the two sides for electrodes implanted in any axis. 
Comparison of Accuracy in Relation to Number of Microelectrode Passes.
To determine if electrode placement accuracy was correlated with the number of passes, we also compared patients receiving a single MER pass with those who received multiple passes (Table 3) . On the right side, 15 patients underwent implantation after a single MER pass, whereas the other 11 received implants after multiple passes. The two-tailed t-test for equality of means revealed a significant difference between the groups only in the Right x axis (p = 0.035), with the patients who underwent multiple passes receiving their implants 0.93 mm closer to the intended target. On the left side, 22 patients had a single MER pass, whereas the other four had multiple passes (two had two passes and the other two had three passes). Statistical analysis revealed a significant difference between the groups only in the Left z axis (p = 0.04).
In the order of side implanted, 13 of the 26 patients had multiple MER passes on the first side. Of the second sides implanted, only two of the 26 patients had multiple passes (one of whom was the patient who underwent implants on separate days). Of the 26 second sides implanted, in 18 an intraoperative adjustment was made in the x and y axes that was identical to that made on the first side implanted. Six of the eight asymmetrically adjusted second sides were adjusted 1 mm in the x and/or y axis. One second side was adjusted 1.5 mm in the x axis, and the other was adjusted 2.5 mm in the y axis.
Comparison of Accuracy Between StereoPlan and FrameLink 2.0-Guided Implants. During the 15 months over which our 26 patients received implants, we changed our guidance system from StereoPlan to FrameLink 2.0. Of the 26 patients, the first nine underwent implantation aided by StereoPlan and the last 17 with FrameLink 2.0. We compared the electrode placement in all axes between the two guidance systems, to rule out a systematic difference in targeting. Statistical analysis revealed a significant difference between the two systems in the Right x axis (p = 0.031), Right z axis (p = 0.001), and Right 3D coordinates (p = 0.015). Of these three axes, the Right x was the only one in which the StereoPlan was closer to the intended target (1 mm closer). In the Right z the FrameLink 2.0 was 2 mm closer to the intended target, and in the Right 3D the FrameLink 2.0 was 1.3 mm closer to the intended target. No significant difference was found between the two systems in the Right y, Left x, Left y, Left z, and Left 3D axes.
Clinical Outcome
Electrode Contacts Used for Stimulation. Stimulator settings were available for all 52 electrodes (range 1-14 months postoperatively). Table 4 indicates the active electrode contacts. The mean distance between the active electrode contact and the electrode tip was 5.5 mm, placing the average location of stimulation between the central location of Contacts 1 and 2. This region of the electrode (Contact 1 and/or 2) was active in 48 of the 52 electrodes, consistent with previous reports. 8, 26 Of the 10 electrodes programmed in a bipolar mode (with case off), only two used the number 3 contact as a negative/active contact (both electrodes were in the same patient). The coordinates for these two electrode tips were analyzed and found to be within one SD of the mean in the x or z axes bilaterally (Right z = 3.1 mm, mean 1.7 Ϯ 1.6 mm; Left z = 1.1 mm, mean 1.6 Ϯ 2 mm). For the right electrode, the y coordinate was more than one SD anterior to the mean (Right y = 2 mm, mean Ϫ0.5 Ϯ 1.4 mm), whereas the Left y coordinate was within one SD of the mean (Left y = 0.2 mm, mean Ϫ0.8 Ϯ 1.5 mm).
Comparison of Most-and Least-Improved Patients on
Follow-Up Videotape. Videotape reviews were performed at 1 year postoperatively in 21 of the 26 patients, and clinical outcomes were graded by a movement disorder neurologist (S.J.F.) who was blinded to the electrode tip location. Videotaped analysis is a highly objective evaluation of clinical outcome, and has been relied on in other studies as a way to determine the clinical efficacy of stimulation. 18, 22 In the patients with videotaped follow-up visits, the percentage change in UPDRS III motor scores (assessed based on blinded videotape review) was determined by comparing the on-stimulation, off-medication state with the off-stimulation, off-medication state at 1 year. An improvement of less than 10% was characterized as limited improvement,
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Stimulation of the STN: electrode location and clinical outcome 5 * On the right side, which was attempted first, 15 electrodes were implanted in a single pass and 11 were placed after multiple tries. On the left side, 22 electrodes were implanted in a single pass and four were placed after multiple attempts. whereas improvement greater than 40% was classified as maximal improvement. Of the 21 patients who were analyzed with the aid of videotapes, four were classified as having limited improvement, whereas five were deemed maximally improved. The difference between electrode tip location and intended target (for each of the three blinded observers) was compared between these groups to evaluate the existence of a consistent trend separating one group from the other ( Table 5 contains the data collected by one observer, R.R.G.). Although there were no statistically significant differences in the axes, it was noteworthy that in five of the eight axes, the patients with limited improvement had a greater discrepancy between the electrode tip and the intended target than the ones who attained maximal improvement. This finding was highly correlated among the three observers.
Questionnaire Results. From the questionnaire data, we were able to determine several aspects of patient symptomatology postoperatively compared with preoperatively. The first aspect was patient self-assessment of surgical effect on laterality of PD symptoms. Eighteen of the 26 patients reported experiencing preoperative symptoms that were greater on one side, and of these 18, 10 had symptoms whose laterality was not altered by electrode placement, seven had symptoms whose laterality was abolished by electrode placement, and one had symptoms whose laterality reversed following electrode placement. The mean electrode tip location in the 10 unaltered patients was compared with the tip location in the patient whose laterality reversed, to determine if the reversal could be explained by electrode placement. Both the right and left electrodes were within two SDs of the mean of the other 10 patients in all axes. In addition, there was no trend noted for a difference in agreement between the right and left electrodes.
A second aspect was patient self-assessment of dyskinesias. Twenty-four of the 26 patients reported experiencing severe dyskinesias preoperatively. Postoperatively, 15 of these 24 reported significant improvement in dyskinesias in comparison with preoperative status, six reported moderate improvement, and three reported no improvement in dyskinesias. The mean of the electrode locations in the 15 who experienced significant improvement was compared with the locations in the three who did not improve to elucidate the role of electrode placement in producing these clinical outcomes. Of the three patients who did not improve, one had electrode placement well outside two SDs of the mean for the Right 3D electrode, due to a Right z electrode placed nearly four SDs from the mean. In all three patients, the xand y-axis differences were less than 2 mm from the mean.
A third aspect elicited was patient self-assessment of the severity of off-medication symptoms. All 26 patients reported experiencing severe off-medication symptoms preoperatively. Postoperatively, 17 reported significant decreases in off-medication symptom severity, seven reported no decrease, and two reported a moderate decrease. The mean of the electrode locations in the 17 patients whose condition significantly improved was compared with the mean of the locations in the seven whose condition did not to elucidate the role of electrode placement on these clinical outcomes. Of the seven patients who did not improve, only one had an axis where electrode placement was more than two SDs from the mean recorded in the 17 patients who improved. This was in the Right z and Right 3D axis. This patient was the same one whose dyskinesias did not improve postoperatively (see previous paragraph).
Clinical Efficacy After Electrode Reimplantation. Of these 26 patients, one who had bilateral tremor-dominant PD experienced no improvement in his left-sided tremor. On postoperative evaluation, it was found that his right electrode placement was very lateral. His electrode was found to be the farthest outlier in the lateral (x) axis of all 26 patients. Subsequent reimplantation of a new electrode 4 mm medial to the prior electrode tip location target resulted in excellent tremor control. 
DISCUSSION
The goal of STN stimulation is to inactivate the entire nucleus, and it is widely assumed that a successful outcome is aided by accurate placement of the electrode tip directly through the center of the STN. Single-cell electrophysiological recordings can chart the location and dimensions of the STN, but the recording electrode must be withdrawn from the brain and a stimulating electrode must be implanted. The final placement of the DBS electrode, therefore, is not necessarily the same location as that determined by the recording microelectrode.
The goals of this study were to test the hypothesis that DBS electrode tip location relative to an intended STN target could be accurately determined on postoperative MR imaging, and that accurate targeting would correlate with clinical benefit. The method of DBS implantation in this study was based on indirect MR targeting (AC-PC stereotactic coordinates) supplemented by MER, similar to that performed at several other centers. 3, 13, 24, 30 As previously described, 24 we defined the center of the MR imaging artifact (using three planes of view) as the tip of the DBS electrode.
We were able to determine with precision the stereotactic and anatomical location of 52 electrodes implanted bilaterally in 26 consecutive patients who underwent DBS of the STN. The mean distance from the intended target was no more than 2 mm in any dimension, a finding similar to that previously reported. 19, 24, 27, 30 Very few DBS electrode tips were found to rest more than 3 mm from the intended target in any single axis. In the x and z axes, we found a systematic discrepancy between the measured and intended tip location. The measured tip location shifted a mean of 1.3 mm medially and 1.6 to 1.7 mm ventrally, suggesting a shift in apparent tip location due to a DBS-produced MR imaging artifact, or perhaps a systematic error in the calculation of the intended tip location.
The intended target referred to in this study was adjusted from the image-calculated target (based on MER results) by 1 mm anterior (3 mm posterior to the intercommissural midpoint) in the majority of cases (28 of 52 electrodes, see Table 1 ). Interestingly, 22 of the remaining 24 electrodes were adjusted no more than 1 mm away from this target. It seems likely that these adjustments were too small to alter the clinical efficacy of these electrodes. This hypothesis is supported by our finding that there was no clear difference in clinical efficacy associated with the observed deviation of the DBS electrode tip location from the intended target. In addition, as noted in the Results section, the relationship of the active contact to the electrode tip was relatively constant; the active region of the electrode was the same in 48 (92.3%) of 52 electrodes. It is important to note that the mean distance of this variation was of greater magnitude than the intentional adjustment. The majority of electrodes (46 of 52) fell within two SDs of the mean of the intended target (see Fig. 1 for the electrodes on the right side). Of the six electrodes that fell outside of this range, only one was found to lack clinical efficacy and require revision. This observation lends further support to the possibility that the small adjustments made based on MER do not significantly impact clinical efficacy.
In our study, the DBS electrode tips were all tightly clustered within a short distance from the intended targets, averaging no more than 1.7 mm in any single axis (see also Table 2 ). This degree of accuracy is similar to that in a previously published report, 24 in which differences between predicted and measured lead coordinates ranged from 1.4 to 2 mm in each axis. These deviations between intended and measured targets are greater than the shift in targeting made because of the MER. Assuming accurate target planning, this may mean that the variation in distance from the intended target that occurs due to the inaccuracy of implantation is more significant in determining the actual anatomical site of the DBS tip than the small trajectory adjustments made on the basis of MER results.
Nearly all patients in our series received both right and left electrode implants during a single surgery. There was no systematic difference in DBS electrode tip location for the implants guided by the StereoPlan compared with the Stealth FrameLink 2.0 programs. The FrameLink program offers the advantage of automatic correction for MR imaging tilt and rotation relative to the AC-PC plane, whereas the StereoPlan requires the surgeon to correct manually for any such tilt or rotation. There was also no systematic difference in DBS electrode tip location for the first compared with the second side implants. This suggests that the results in the first side can be reliably used to determine the target on the second side.
To date, few investigators have attempted to compare the neuroimaging-defined accuracy of STN electrode implantation with clinical outcome. In one recent study 24 the investigators analyzed the relationship between electrode tip location and the intraoperative stimulation threshold for side effects. A significant correlation was found between stimulation-induced visual, sensory, and presumed corticobulbar (dysarthria and facial contraction) effects and the postoperative MR imaging-determined DBS electrode tip locations. Paresthesias correlated with a medial posterior and superior location, corticobulbar side effects correlated with a more lateral tip location, and visual blurring with a more medial location. The DBS electrode tip locations did not correlate with clinical efficacy.
The stimulation settings used were similar for the large majority of electrodes. This leads us to suggest that the clinical effect of the bulk of the electrodes was similar. Two electrodes in a single patient could be considered as "outliers," because they were the only ones programmed in a bipolar mode with the No. 3 electrode contact as negative. Analysis of the anatomical tip locations does not appear to explain these atypical settings. It is possible that the atypical settings were due to an unusual aspect of this patient's clinical syndrome.
In this study, the placement of STN electrodes, as determined on postoperative MR imaging, did not significantly correlate with clinical outcome. The primary clinical outcome measure was an assessment of the UPDRS motor subscale (Part III), which was determined by an impartial observer who was blinded to stimulator status. When we computed the difference in motor scores, comparing the offmedication, off-stimulation state with the off-medication, on-stimulation state 1 year postoperatively, there was a statistically significant improvement 8 reflecting effective STN stimulation, but the degree of improvement did not correlate with the variation of the anatomical location of the DBS electrode tip from the intended target.
Other standardized measures of clinical outcome, including the UPDRS activity of daily living subscale (Part II), the 14, Although standardized tools are the most valid methods of acquiring outcome data, there is validity in using nonstandardized instruments as well, as has been reported elsewhere. 1 Our patient self-assessment questionnaire, although not a standardized tool, measured three aspects of outcome (laterality of symptoms, dyskinesia improvement, and symptom severity in the off-medication/stimulation state). These patient-reported outcomes, albeit subjective, seem to us to define discrete groups in each of these three aspects of outcome. The results from our findings indicate that these different outcome groups do not differ based on electrode tip location. Although there may be submillimeter differences in tip location that exist below our ability to detect, we believe that the differences in clinical outcome are more likely due to biological variability. In addition, the results from standardized assessment tools agree with those from our nonstandardized questionnaire; mainly that electrode tip location does not correlate significantly with clinical outcome within the parameters of this study. Therefore, we believe that it was reasonable to include data from our nonstandardized questionnaire in our results, despite the fact that it is not as persuasive or powerful a tool as more standardized measures of clinical outcome.
In a separate analysis of the improvement of UPDRS scores in limbs by stimulation, we found no difference in mean tip location among the electrodes yielding the most compared with the least improvement (unpublished data). These results support the notion that the degree of clinical improvement found in our series was not due to variation of the proximity of the DBS electrode within 3 mm of the intended target.
Therapy with STN stimulation is anticipated to improve right-and left-sided symptoms to a similar degree. The reversal of symptom asymmetry that occurred in one patient did not seem to be attributable to asymmetry of her DBS electrode tip locations or a discrepancy between her treatment and that of the other patients in this series. Because this patient's symptoms altered from left-dominant to rightdominant, we would expect her right electrode (implanted to affect her left-sided symptoms) to be within two SDs of the mean and her left electrode to be significantly different from the mean, if her clinical outcome was in fact due to electrode placement.
There are several reasons for the apparent lack of correlation between electrode placement accuracy and clinical outcome measures in our series. It is possible that our clinical measurements were not sensitive enough to detect the millimeter-caliber differences in electrode placement that we achieved using these established methods. It is also possible that many other factors, including the patient's clinical characteristics or the duration of follow up, outweighed the effect of electrode placement. Sample size limitations may also have precluded our ability to detect a correlation between electrode tip location and clinical outcome. A more precise quantitative method of outcome assessment, using neurophysiological or kinematic measurements, may be helpful in detecting differences in outcome that are not evident from the clinical assessment methods used in this study. Further analysis of our limb study results (see earlier discussion) may provide such a correlation.
We noted that tremor persisted on one side in one patient, and this was attributed to an electrode that was placed 4 mm laterally to the intended STN target. When this individual's electrode was moved medially, excellent tremor control was achieved. This result supports the notion that within a radius of 2 to 3 mm from the center of the STN, stimulating electrodes may provide essentially equivalent clinical benefit, but beyond this distance suboptimal or inadequate clinical benefit results.
This study as well as others does not provide an explanation for the variations between the intended and actual placement of the electrode tip. Given that the electrode target was a known AC-PC coordinate for every patient, why was there a variation, even in millimeters, between the intended and actual locations of the implanted electrodes? The answer may relate to the current limitations of implantation technology, including mechanical inaccuracies of the stereotactic apparatus, discrepancies between atlas and actual anatomical landmarks, inaccuracies of mapping software, minute degrees of intraoperative shifting of the brain within the skull, artifacts in the postimplantation MR imaging studies obtained for electrode tip determination, and deviations in electrode placement, which is performed without physiological guidance for technical reasons. Our results, however, do not indicate that any of these limitations (except, possibly, for brain shift) contributed to significant or systematic errors. Furthermore, it has been noted that not all symptoms of PD respond equally to DBS. It is possible that variations in targeting and electrode placement may have more impact on the control of some PD symptoms than others. Some inaccuracies in targeting, such as those occurring along the z axis, may have little impact on clinical outcome because the selection of electrode contacts may compensate for locations that are too ventral or dorsal.
Although this study was based on a relatively limited number of cases, we detected no correlation between the clinical outcome and the anatomical location of DBS electrodes, which clustered within a 6-mm-diameter tissue sphere. If image-based targeting alone can provide this degree of accuracy, it remains to be established whether electrophysiological recording, currently regarded as the state of the art, provides an improvement in outcome. Alternatively, minimal use of MER (for example, to confirm electrode placement within some part of the STN) may provide the same efficacy as that achieved by detailed microelectrode mapping to attempt precise placement in the center of the STN. Prospective studies comparing different methods for guiding DBS placement, combined with quantitative postoperative assessments of clinical improvement and DBS electrode location on MR imaging, may be needed to evaluate these issues. To be definitive, such studies might require a larger sample size than our 26 patients (who received 52 STN DBS electrode implants) to offset the possibility that a clinically significant variation of STN shape and location may occur in a small percentage of patients.
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